Introduction {#s1}
============

Meiosis is a pivotal process in the sexual reproduction cycle. It is a nuclear division that reduces the diploid somatic to the haploid gametic chromosome set. Successful disjunction of the two genomes requires that every chromosome pairs with its corresponding partner before they eventually separate. In most organisms, chromosome pairing relies on the base pair matching of single-stranded DNA molecules that are generated in the wake of self-inflicted DNA double-strand breaks (DSBs). Repair of DSBs occurs by using an intact DNA strand as a template, and may lead to the exchange of the broken and the template strand, thereby causing meiotic genetic recombination. It is essential that DNA from the homologous chromosome is preferred as a template for recombinational repair over DNA from the sister chromatid, since only the former situation will generate crossovers that ensure the orderly segregation of homologous chromosomes during the reductional division.

Strand exchange at meiotic recombination sites is accomplished by the RecA homologs Rad51 and Dmc1. They have similar and partially overlapping roles in DNA heteroduplex formation [@pgen.1001359-Neale1], but whereas Rad51 is indispensable both for mitotic and meiotic recombination, Dmc1 is meiosis-specific. It has been suggested that this is due to its role in interhomolog rather than intersister recombination [@pgen.1001359-Schwacha1]. Consequently, in budding yeast, where Rad51-dependent repair via the sister is suppressed in meiosis (see [@pgen.1001359-Niu1] and lit cit. therein), meiotic DSB repair is dramatically reduced and DSBs acquire long single-stranded tails in the absence of Dmc1 [@pgen.1001359-Bishop1]. However, upon overexpression of Rad51 or its stimulating partner Rad54, and in certain mutant strains, high levels of interhomolog recombination can occur in the absence of Dmc1 [@pgen.1001359-Tsubouchi1]--[@pgen.1001359-Sheridan1]. Thus, it seems that Rad51 is not, in principle, unable to support interhomolog recombination, but that it is held in check during meiosis. It may be impeded in order to promote a Dmc1-dependent pathway, which may perform better in meiotic crossover, especially in recombination partner choice. Dmc1 is also required for interhomolog recombination in mammals [@pgen.1001359-Pittman1], [@pgen.1001359-Yoshida1]. In other organisms, this division of labor is not as strict, and the *dmc1* mutant phenotype is less severe. In *Arabidopsis dmc1* mutants, chromosome fragmentation was not observed, and chromosomes segregated randomly at meiosis I. This indicated that DSBs were repaired by a mechanism that did not produce crossovers [@pgen.1001359-Couteau1], [@pgen.1001359-Siaud1]. In the fission yeast, *Schizosaccharomyces pombe*, deletion of *DMC1* caused only a moderate reduction in crossing over and a slight reduction in fertility, suggesting that Rad51 can partially substitute for Dmc1 in interhomolog recombination [@pgen.1001359-Grishchuk1]. *Drosophila*, *Caenorhabditis elegans*, and *Neurospora* lack Dmc1 orthologues, altogether (see [@pgen.1001359-Neale1]).

Because of the variability between model organisms with respect to their dependence on Rad51 and Dmc1 for meiotic crossing over, we decided to study the roles of Rad51p and Dmc1p in the unconventional meiosis of the evolutionarily distant model system *Tetrahymena*. *Tetrahymena thermophila* is a unicellular ciliated protist that possesses two nuclei, the polyploid somatic macronucleus and the diploid generative micronucleus. While the former is transcriptionally active and divides by an amitotic process, the latter constitutes the germline, is transcriptionally silent, and divides mitotically. Only the micronucleus undergoes meiosis. Both the rough alignment and the precise matching of homologous chromosomes during meiotic prophase depend on Spo11-induced meiotic DSBs and their signaling through an ATR-dependent pathway [@pgen.1001359-Lukaszewicz1].

Promotion of Dmc1 over Rad51 usage in meiosis seems to be, in part, related to the presence of a synaptonemal complex (SC) (see [@pgen.1001359-Sheridan1] and lit cit. therein), and *Tetrahymena* does not feature a canonical SC. Therefore, we wondered whether dependency on Dmc1 would be low. To test this, we designed experiments to elucidate the contributions of Rad51 and Dmc1 to meiotic recombination in *Tetrahymena*.

Results {#s2}
=======

Rad51p and Dmc1p show different expression patterns, and depletion of either has different effects on fertility {#s2a}
---------------------------------------------------------------------------------------------------------------

The differing importance of *RAD51* and *DMC1* for meiosis in a variety of organisms led us to study in detail, the role of these two genes in the meiosis of the protist *Tetrahymena*. The situation in this evolutionarily distant model system may help to clarify the primordial division of labor between the two proteins. *Tetrahymena* possesses two RecA homologs, TTHERM_00142330 (*RAD51*) and TTHERM_00459230 (*DMC1*) [@pgen.1001359-Eisen1]. *RAD51* is expressed during the mitotic cell cycle with a particularly high abundance of *RAD51* mRNA during S phase of the somatic nucleus, and during meiotic prophase [@pgen.1001359-Marsh1]. It is also strongly induced following DNA damage [@pgen.1001359-Campbell1], [@pgen.1001359-Smith1]. Consistent with its somatic expression pattern, it has been reported that Rad51p is essential for vegetative growth [@pgen.1001359-Marsh1]. Also, small amounts of Rad51p were found in the somatic nucleus ([@pgen.1001359-Loidl1] and [Figure S1A](#pgen.1001359.s001){ref-type="supplementary-material"}). *DMC1*, on the other hand, showed meiosis-specific expression in mRNA microarray hybridizations [@pgen.1001359-Miao1]. Here, we confirmed the exclusive meiotic expression by RT-PCR and showed that maximal expression occurs approximately 3 h after induction of meiosis, which is similar to that of *SPO11* ([Figure 1A](#pgen-1001359-g001){ref-type="fig"}).

![Expression of Dmc1p and Rad51p.\
(A) Expression pattern of *DMC1* as visualized by RT-PCR. While there is no transcription in vegetatively (veg) growing and starving (S) cells, *DMC1* mRNA is maximally abundant in early meiotic cells from 2--4 h after meiosis induction. Timing of expression is the same as that of *SPO11*. (B) Southern hybridization with a probe adjacent to the 3′end of the *DMC1* locus. Digestion of genomic DNA from knockout, wild-type and *DMC1-mCherry* strains with EcoRI, which differentially cuts internally in the knockout and tagging constructs, produced the detected fragments of 2.1 kb, 2.8 kb, and 1.8 kb, respectively. The absence of the 2.8 kb fragment in knockout samples indicates that the replacement of the expressed wild-type sequences in the somatic nucleus by the knockout cassette is complete in several lines of both mating types. Also shown is the complete replacement of wild-type *DMC1* by a version fused to a sequence encoding the mCherry fluorescent marker. (C) Western detection of Rad51p and Dmc1p with an antibody that recognizes both proteins. At t = 3.5 h after meiosis induction, both Rad51p and Dmc1p are expressed in wild type conjugating cells. In the *dmc1*Δ strain, no detectable amount of Dmc1p was expressed 3.5 h after meiosis induction. In a crossing of two *rad51*i strains, expression of Rad51p was strongly reduced. Positions of 35 kDa and 40 kDa marker bands are indicated.](pgen.1001359.g001){#pgen-1001359-g001}

To investigate the functions of Rad51p and Dmc1p, we produced strains lacking one or the other. *dmc1*Δ strains were constructed by knocking out the ∼45 transcriptionally active copies of *DMC1* in the polyploid somatic nucleus by gene replacement. Southern hybridization demonstrated the removal of the wild-type copies ([Figure 1B](#pgen-1001359-g001){ref-type="fig"}), and the complete lack of Dmc1p was confirmed by Western detection ([Figure 1C](#pgen-1001359-g001){ref-type="fig"}). The requirement of Rad51p for vegetative growth precluded gene knockout. Therefore, we created a strain carrying a *RAD51* hairpin construct (*rad51*hp), which expressed double-stranded RNA hairpins under a Cd^2+^-inducible promoter [@pgen.1001359-HowardTill1]. This allowed the knockdown of *RAD51* by RNA interference (RNAi) specifically during meiosis. High efficiency of RNAi was confirmed by Western analysis ([Figure 1C](#pgen-1001359-g001){ref-type="fig"}), where the protein was estimated to be reduced to ∼1% of the wild-type level ([Figure S1](#pgen.1001359.s001){ref-type="supplementary-material"}). Also, *rad51* knockdown (*rad51*i) cells were unable to express Rad51p upon UV-induced DNA-damage ([Figure S1](#pgen.1001359.s001){ref-type="supplementary-material"}). We triggered RNAi by the exposure of cells to CdCl~2~ in stationary cultures before the initiation of meiosis (see [Materials and Methods](#s4){ref-type="sec"}). This regime avoids depletion of Rad51p needed for vegetative propagation, yet allows for abundant hairpin expression to knock down *RAD51* during meiosis.

First, we tested the ability of Rad51p- and Dmc1p-depleted cells to undergo meiosis and sexual reproduction ([Table 1](#pgen-1001359-t001){ref-type="table"}; explanations in [Table 1](#pgen-1001359-t001){ref-type="table"}). While *rad51*i cells did not produce any sexual progeny, the viability of sexual progeny from *dmc1* KO crosses was found to be 3.4% (as compared to 98% of wild-type crosses - [Table 1](#pgen-1001359-t001){ref-type="table"}). Thus, a low proportion of *dmc1*Δ meioses can give rise to viable zygotes.

10.1371/journal.pgen.1001359.t001

###### Meiosis success as indicated by the production of sexual progeny.

![](pgen.1001359.t001){#pgen-1001359-t001-1}

  Matings [1](#nt102){ref-type="table-fn"}                  n    \% of matings producing viable descendants [2](#nt103){ref-type="table-fn"}   \% of matings producing sexual progeny [2](#nt103){ref-type="table-fn"}
  -------------------------------------------------------- ---- ----------------------------------------------------------------------------- -------------------------------------------------------------------------
  WT × WT                                                   88                                       99                                                                        **98**
  *rad51*hp × *rad51*hp [3](#nt104){ref-type="table-fn"}    88                                       90                                                                        **60**
  *rad51*i × *rad51*i [3](#nt104){ref-type="table-fn"}      88                                       55                                                                         **0**
  *dmc1*Δ × *dmc1*Δ                                         88                                       59                                                                        **3.4**
  *DMC1-mCherry* × *dmc1*Δ                                  88                                       53                                                                        **25**

n =  number of conjugating (mating) pairs tested.

**1** In *Tetrahymena*, conjugating cells produce sexual progeny by exchanging haploid meiotic products, whereupon both partners form zygotes. These mature into four genetically uniform karyonides which then begin vegetative multiplication by binary fission (e.g., [@pgen.1001359-Martindale1], [@pgen.1001359-Karrer1]). Success of meiosis was quantified by determining the percentage of conjugating pairs (matings) that produced viable sexual progeny.

**2** If meiosis is faulty, matings may fail to produce progeny altogether or cells return to vegetative growth and produce clonal descendants. Thus viable descendants must be tested for their origin from successful meiosis. Clonal descendants possess the old somatic nucleus, which, in the parental strains, express a paromomycin resistance gene. Clonal descendants are therefore paromomycin-resistant. During sexual reproduction, the old somatic nuclei are degraded and new somatic nuclei lack the resistance gene, therefore sexual progeny are characterized by their paromomycin-sensitivity.

**3** *rad51*hp cells carry the RNAi hairpin construct but are not transcribing the hairpin RNA, whereas in *rad51*i cells hairpin transcription, and hence RNAi, is induced by treatment with CdCl~2~ (see [Materials and methods](#s4){ref-type="sec"}).

Meiotic progression and DSB repair are inhibited in the absence of Rad51p {#s2b}
-------------------------------------------------------------------------

To determine the basis of the different meiotic success rates of Rad51- and Dmc1-depleted cells, we studied meiotic progression cytologically in *rad51*i and *dmc1*Δ strains.

In *Tetrahymena*, nutrient-starvation makes cells competent for conjugation ( = cell mating). Upon mixing starved cells of complementing mating types, they will form pairs which initiate synchronous meioses of their generative nuclei (see [@pgen.1001359-Collins1], [@pgen.1001359-Cole1]). Meiotic prophase is characterized by an enormous elongation of the nuclei ([Figure 2A](#pgen-1001359-g002){ref-type="fig"}). The appearance of DSBs and increasing chromosome pairing during the elongation process permit the attribution of the elongating meiotic nucleus to the leptotene-pachytene stages (see [@pgen.1001359-Lukaszewicz1]). During a stage corresponding to diplotene, the nucleus shortens again and chromosomes condense. Five bivalents emerge in diakinesis-metaphase I and finally undergo two meiotic divisions ([Figure 2A](#pgen-1001359-g002){ref-type="fig"}).

![Stages of meiosis in *Tetrahymena* wild-type and mutant cells.\
Each panel shows two conjugating cells with their generative micronuclei (arrows) synchronously undergoing meiosis. Meiotic prophase culminates in an enormous elongation of the generative nuclei, within which chromosomes are arranged in a bouquet-like manner, and homologues become paired [@pgen.1001359-Mochizuki1]. (A) In the wild type, prophase is followed by the emergence of 5 distinct bivalents (see [Figure 3](#pgen-1001359-g003){ref-type="fig"}) and their separation during first and second meiotic division. In *rad51*i and *dmc1*Δ cells (B, C), prophase is morphologically normal, but at metaphase I, chromatin becomes fragmented in *rad51*i and univalents are formed in *dmc1*Δ (see [Figure 3](#pgen-1001359-g003){ref-type="fig"}). *dmc1*Δ univalents are then (probably randomly) segregated during the first meiotic division whereas *rad51*i cells arrest with fragmented chromatin masses at a metaphase I-like stage. Only after an ∼2 h delay, *rad51*i nuclei manage to undergo highly abnormal meiotic divisions. DAPI staining, bar indicates 10 µm.](pgen.1001359.g002){#pgen-1001359-g002}

It was previously found in a *rad51* knockout strain that meiotic nuclei did elongate, but that cells arrested prior to chromosome condensation and rarely progressed to anaphase I [@pgen.1001359-Marsh1]. However, due to the vegetative function of Rad51p, the observed phenotypes could have been caused by accumulative pre-meiotic damage rather than genuine meiotic defects [@pgen.1001359-Marsh1]. To prevent mitotic defects from obscuring the meiotic phenotype of Rad51p loss, we induced RNAi knockdown of *RAD51* only at the onset of meiosis [@pgen.1001359-HowardTill1].

Cytological inspection of conjugating RNAi cells (*rad51*i) revealed that stages up to diplotene were indistinguishable from wild-type ([Figure 2B](#pgen-1001359-g002){ref-type="fig"}). However, diakinesis-metaphase I showed signs of chromosome fragmentation ([Figure 2B](#pgen-1001359-g002){ref-type="fig"}, [3A](#pgen-1001359-g003){ref-type="fig"}) with 98% of the nuclei at that stage (n = 100) displaying granular or diffuse chromatin and only 2% featuring compact entities. Moreover, normal meiotic divisions did not take place ([Figure 2B](#pgen-1001359-g002){ref-type="fig"}). In a similar experiment, a *rad51*i strain was conjugated to a wild-type strain. In this case, both partners were affected due to the trans-activity of RNAi (see [Materials and Methods](#s4){ref-type="sec"}). As a control, a *rad51*hp strain without stimulation of RNAi was mated to a wild type strain, confirming that the mere presence of the construct did not notably interfere with the progress of meiosis ([Figure S2](#pgen.1001359.s002){ref-type="supplementary-material"}). Thus, the fragmentation of metaphase I chromosomes and the inability to perform normal meiotic divisions upon induced RNAi are genuine consequences of the depletion of Rad51p and not side-effects of the experimental system.

The fragmented metaphase I chromosomes strongly indicated that DSBs were not properly repaired. To confirm the persistence of DSBs, we performed an assay for the detection of DSB-dependent chromosome fragmentation by pulsed-field gel electrophoresis (PFGE) [@pgen.1001359-Lukaszewicz1]. Under our standard PFGE conditions, intact chromosomes of the generative nucleus do not enter the gel, whereas DNA fragments of different size migrate as a distinct band [@pgen.1001359-Lukaszewicz1]. In the wild type, DSB-dependent fragments appeared from ∼2 h--5 h after induction of meiosis ([Figure 3B](#pgen-1001359-g003){ref-type="fig"}). They were missing in a *spo11*Δ strain, which is unable to generate meiotic DSBs ([Figure 3B](#pgen-1001359-g003){ref-type="fig"}). In *rad51*i meiosis, the band diagnostic for DSBs did not disappear within 6 h from induction of meiosis ([Figure 3B](#pgen-1001359-g003){ref-type="fig"}). Thus, meiotic DSBs are not repaired in the absence of Rad51p ([Figure 3B](#pgen-1001359-g003){ref-type="fig"}). However, in repeated experiments this band consistently became weaker at 6 h post-meiosis induction. We speculate that this reduction in band intensity may result from DSB-dependent fragments being converted to other DNA species with different migration. This could result from the hyper resectioning of DSB ends (see [@pgen.1001359-Schwacha1], [@pgen.1001359-Westmoreland1]). Clarification of the nature of this putative intermediate must await its analysis at defined DSB hotspots, which we have yet to detect.

![Diakinesis-metaphase I chromosome structure and DSB detection in the wild type and in mutants.\
(A, B) In the wild type, 5 bivalents are formed during diakinesis-metaphase I, and a band diagnostic of DSBs (see text) appears in a pulsed-field gel 2--3 h after induction of meiosis. It disappears by 6 h, i.e., at a time when the majority of cells are in metaphase I or later (see [Figure S4](#pgen.1001359.s004){ref-type="supplementary-material"}). In the *spo11*Δ mutant, univalents appear because DSBs and crossovers are not formed. In *rad51*i meiosis, chromosomes appear fragmented, which is probably due to the failure to repair DSBs. Accordingly, DSB-dependent fragments do not disappear. (The fact that PFGE bands become slightly weaker late in meiosis may be due to some processing of DSB ends - see text). Like the *spo11*Δ mutant, the *dmc1*Δ mutant forms univalents. However, in this case, PFGE shows that DSBs are formed and repaired. Bar graphs indicate band intensities corrected for the amount of DNA loaded (see [Figure S6](#pgen.1001359.s006){ref-type="supplementary-material"}). (C) Dynamics of the DSB marker γ-H2A.X. Elongated (∼leptotene-pachytene) nuclei are strongly decorated by staining for phosphorylated H2A.X (green). In the wild type and in the *dmc1*Δ mutant, γ-H2A.X disappears during metaphase whereas in *rad51*i cells it persists (arrows). (D) Meiotic nuclei of *rad51*i × *dmc1*i double-RNAi matings display the chromosome fragmentation phenotype.](pgen.1001359.g003){#pgen-1001359-g003}

As an additional test for DSB behavior, we analyzed the localization of phosphorylated histone variant H2A.X. Phosphorylation of H2A.X (γ-H2A.X) is a DSB marker (see [@pgen.1001359-Dickey1] and lit. cit. therein). In the wild type, γ-H2A.X was most prevalent in elongated meiotic nuclei, but was virtually absent in metaphases ([Figure 3C](#pgen-1001359-g003){ref-type="fig"}; see also [@pgen.1001359-Mochizuki1], [@pgen.1001359-Song1]). Consistent with the persistence of DSBs, γ-H2A.X was present into aberrant metaphase I in *rad51*i ([Figure 3C](#pgen-1001359-g003){ref-type="fig"}).

In *dmc1*Δ meiosis, univalents are formed and efficient DSB repair takes place {#s2c}
------------------------------------------------------------------------------

In the absence of Dmc1p, elongation of the generative nucleus occurred as in the wild type ([Figure 2C](#pgen-1001359-g002){ref-type="fig"}). However, at diakinesis-metaphase I, univalents appeared instead of bivalents ([Figure 2C](#pgen-1001359-g002){ref-type="fig"}, [Figure 3A](#pgen-1001359-g003){ref-type="fig"}). These univalents subsequently went through two meiotic divisions ([Figure 2C](#pgen-1001359-g002){ref-type="fig"}) during which they are presumably randomly segregated, with a small chance of generating genetically balanced viable progeny. Of 164 favorable metaphase I nuclei evaluated, 15 (9%) displayed fewer than the 10 entities expected if they contained only univalents. Therefore, we can not exclude the possibility of rare bivalent formation.

The elongation of meiotic nuclei is indicative of the occurrence of DSBs [@pgen.1001359-Mochizuki1], while intact diakinesis-metaphase I univalents suggest that these DSBs are repaired ([Figure 3A](#pgen-1001359-g003){ref-type="fig"}). We used the PFGE-DSB assay to test for the transient appearance of DSBs. It confirmed that in *dmc1*Δ, DSBs appeared about 3 h after induction of meiosis and virtually disappeared by 6 h after induction of meiosis ([Figure 3B](#pgen-1001359-g003){ref-type="fig"}), which is similar to the wild type. Also, γ-H2AX foci disappeared from *dmc1*Δ mutant meiotic nuclei after the exit from the elongated state ([Figure 3C](#pgen-1001359-g003){ref-type="fig"}). Together with the production of some viable progeny (see above), these results suggest that efficient DSB repair takes place in *dmc1*Δ. However, the (almost complete) lack of bivalents suggests that this repair does not take place by homologous crossover recombination.

Homologous pairing is reduced in *dmc1*Δ and *rad51*i mutants {#s2d}
-------------------------------------------------------------

The formation of univalents in the *dmc1*Δ mutant and the persistence of chromosome fragments in *rad51*i indicated that in neither case did DSB repair occur via crossing over with the homologous chromosome. Homologous strand invasion by ssDNA not only initiates crossover, but in many organisms also confers precise meiotic pairing [@pgen.1001359-PeoplesHolst1], [@pgen.1001359-Zickler1]. Therefore, we tested if pairing was affected in the absence of Dmc1p and Rad51p. To this end, we determined the pairing of FISH-labeled homologous loci in fully elongated meiotic nuclei ([Figure 4A](#pgen-1001359-g004){ref-type="fig"}). We found that pairing was reduced in *dmc1* and *rad51* deficiencies ([Figure 4B](#pgen-1001359-g004){ref-type="fig"}), like in *mre11* and *com1* mutants where homologous strand exchange failed to take place [@pgen.1001359-Lukaszewicz1]. This is consistent with our previous finding that the parallel, bouquet-like arrangement of chromosomes within the elongated meiotic nucleus is not sufficient to bring about precise homologous alignment, and that strand exchange may be required for homologous recognition and stable pairing [@pgen.1001359-Loidl2].

![FISH to a chromosomal locus to evaluate homologous pairing in elongated meiotic nuclei.\
(A) Separate FISH signals (green) indicate unpaired loci whereas a single FISH signal indicates pairing (all examples from the wild type). Bar: 10 µm. (B) In the *dmc1*Δ mutant and in *rad51*i, pairing is reduced as compared to the wild type. Values are a mean of four experiments per genotype, with 50 nuclei evaluated in each counting and standard deviations indicated.](pgen.1001359.g004){#pgen-1001359-g004}

Rad51p and Dmc1p localize to meiotic nuclei independently of DSBs {#s2e}
-----------------------------------------------------------------

Having established that *RAD51* is essential for meiotic DSB repair, whereas *DMC1* is required for its homologous recombination outcome, we wanted to study the localization of the two proteins in meiotic nuclei. To this end, we used several antibodies and tags for their detection.

First, we used a commercial antibody (see [Materials and Methods](#s4){ref-type="sec"}), which detects Rad51p in somatic nuclei (see above). When we applied this antibody to Western blots of meiotically expressed proteins, we found that it recognizes not only Rad51p but also Dmc1p ([Figure 1C](#pgen-1001359-g001){ref-type="fig"}), which shares a 32% similarity with the former over a length of 328 amino acids. In cytology, this antibody labeled meiotic nuclei of wild-type cells ([Figure 5A](#pgen-1001359-g005){ref-type="fig"}). When we applied the anti-Rad51/Dmc1 antibody to *rad51*i cells, it stained the meiotic nucleus ([Figure 5B](#pgen-1001359-g005){ref-type="fig"}). Since RNAi efficiently depleted Rad51p ([Figure 1](#pgen-1001359-g001){ref-type="fig"} and [Figure S1](#pgen.1001359.s001){ref-type="supplementary-material"}), this labeling must be due to Dmc1p. Conversely, labeling was found in *dmc1*Δ meiotic nuclei as well ([Figure 5C](#pgen-1001359-g005){ref-type="fig"}), in which case it must be due to the exclusive presence of Rad51p. It was noticed that staining of Dmc1p produced a granular pattern ([Figure 5B](#pgen-1001359-g005){ref-type="fig"}), whereas Rad51p staining of the meiotic nuclei was more uniform ([Figure 5C](#pgen-1001359-g005){ref-type="fig"}).

![Detection of Dmc1p and Rad51p in conventionally prepared cells.\
(A--C) In cells of the wild type, *rad51*i and *dmc1*Δ strains, meiotic nuclei are immunolabeled by an antibody to Dmc1p and Rad51p red). Labeling of the wild-type meiotic nuclei (A) is due to the presence of both Dmc1p and Rad51p, whereas labeling of *rad51*i and *dmc1*Δ nuclei (B, C) is due to the exclusive presence of Dmc1p and Rad51p, respectively. (D, E) The anti-Rad51/Dmc1 (red) and a specific anti-Rad51 antibody (green) label meiotic nuclei from the beginning of elongation until well after anaphase I. (D and E show the same nuclei after double immunostaining.) (F) Examples of meiotic nuclei highlighted by Rad51-HA tagging (cyan). (G) In *spo11*Δ meiosis, anti-Rad51/Dmc1 (red) and anti-Rad51 (green) labels the meiotic nucleus (which does not fully elongate), which indicates that the expression of the recombination proteins is independent of the presence of DSBs. (H) Localization of mCherry-tagged Dmc1p (yellow) confirms the ubiquitous presence of this protein in meiotic nuclei. Note also the sporadic appearance of Rad51p (but not of Dmc1p) dots or patches in the somatic nucleus (C--G). Bar in G represents 10 µm in all images.](pgen.1001359.g005){#pgen-1001359-g005}

Notably, the anti-Rad51/Dmc1 antibody labeled meiotic nuclei of all stages from the beginning of their elongation (∼ leptotene) to well beyond anaphase I, and it highlighted chromatin and chromatin-free regions ([Figure 5D](#pgen-1001359-g005){ref-type="fig"}). To find out if this staining pattern reflects the actual distribution and temporal appearance of Rad51p and/or Dmc1p, we generated a specific anti-Rad51 antibody (data on the specificity of the antibody are summarized in [Figure S3](#pgen.1001359.s003){ref-type="supplementary-material"}), and we tagged Rad51p with HA. As with the commercial antibody, we observed ubiquitous staining of meiotic nuclei during prophase and beyond, and sporadic spots in somatic nuclei ([Figure 5E, 5F](#pgen-1001359-g005){ref-type="fig"}). Moreover, both antibodies labeled meiotic nuclei of *spo11*Δ cells (which are lacking DSBs) ([Figure 5G](#pgen-1001359-g005){ref-type="fig"}). This confirms our previous observation [@pgen.1001359-Mochizuki1] that Rad51p localizes to meiotic nuclei independently of the presence of DSBs.

To specifically study Dmc1p localization, we tagged this protein with mCherry. Dmc1-mCherry localized to chromatin and chromatin-free regions of meiotic nuclei but not to somatic nuclei ([Figure 5H](#pgen-1001359-g005){ref-type="fig"}). Thus, Rad51p and Dmc1p are expressed and can be detected in meiotic nuclei even if they do not assemble near DSBs.

Dmc1p assembles in foci on chromatin independently of Rad51p {#s2f}
------------------------------------------------------------

To detect if, in addition to their ubiquitous presence in meiotic nuclei, a subset of Rad51p and Dmc1p would localize to DSBs, we applied a detergent spreading method to remove soluble protein. Upon staining with the Rad51/Dmc1 antibody, spread wild-type meiotic nuclei displayed numerous foci ([Figure 6A](#pgen-1001359-g006){ref-type="fig"}). On the other hand, signals were lost in spread *spo11*Δ meiotic nuclei ([Figure 6B](#pgen-1001359-g006){ref-type="fig"}), demonstrating the removal of protein that was not bound to chromatin (compare with the unspread nuclei in [Figure 5G](#pgen-1001359-g005){ref-type="fig"}). Unlike in conventionally prepared nuclei, no staining was detected at metaphase I or later in spread wild-type meiotic nuclei (data not shown). Together, this suggests that Rad51p and/or Dmc1p are associated with chromatin only in the presence of DSBs. Therefore, to eliminate background staining from recombination proteins that were present all over the nucleus, the following studies on the participation of Rad51p and Dmc1p in recombination foci were performed on spread nuclei.

![Localization of Dmc1p in spread cells.\
In detergent-treated samples, the anti-Rad51/Dmc1 antibody highlights foci in meiotic nuclei of the wild type (A) but not of *spo11*Δ (B), suggesting that Dmc1p and/or Rad51p are associated with chromatin only during wild-type meiosis. (C) Cells stained for mCherry-tagged Dmc1p. Top to bottom: Dmc1p focus formation starts right after initial elongation of the meiotic nuclei, and there is maximal abundance of foci in fully elongated nuclei. (D) In the *rad51*i strain, the anti-Rad51/Dmc1 antibody produces foci in the meiotic nucleus due to the exclusive presence of Dmc1p. (E) In Dmc1-mCherry × *rad51*i matings, where both partners are depleted of Rad51p, strong Dmc1p foci are formed. (F) Dmc1p foci colocalize with g-H2A.X dots. (G) Frequencies of Dmc1p recombination foci in wild-type (WT) and *rad51*i matings as determined by the detection methods indicated (n denotes the number of nuclei scored). Bar in b represents 10 µm in A, B and C--E; bar in F represents 5 µm.](pgen.1001359.g006){#pgen-1001359-g006}

To test the extent of Dmc1p contribution to the foci, we constructed cells expressing Dmc1-mCherry. Dmc1p localized to spread meiotic chromatin in numerous strong foci ([Figure 6C](#pgen-1001359-g006){ref-type="fig"}). Foci were present from the beginning of elongation to shortly before diakinesis-metaphase. 100% of fully elongated nuclei (n = 100 nuclei longer than the cell) displayed strong foci.

Since it is possible, although unlikely, that Dmc1p focus formation was caused by the mCherry tag, we independently localized Dmc1p by applying the Rad51/Dmc1 antibody to *rad51*-RNAi cells, where it only highlights Dmc1p. Also in this experiment, Dmc1p was found assembled into numerous foci ([Figure 6D](#pgen-1001359-g006){ref-type="fig"}), with 100% of fully elongated meiotic nuclei (n = 100) displaying foci. Moreover, it also demonstrated that Dmc1p forms strong foci in the absence of Rad51p. To further confirm the independence of Dmc1p localization on Rad51p, we performed a *rad51*i × *DMC1*-*mCherry* crossing (where both conjugating cells are depleted of Rad51p and incorporate mCherry-tagged Dmc1p). Meiotic nuclei displayed strong Dmc1p foci in this case as well ([Figure 6E](#pgen-1001359-g006){ref-type="fig"}). We quantified the brightness of Dmc1p foci by measuring gray values of foci on images (see [Materials and Methods](#s4){ref-type="sec"}). They were 183±18.5 (*DMC1*-*mCherry* × *rad51*i, n = 110 foci from 10 nuclei) vs. 177±21.1 (*DMC1*-*mCherry* × wild type, n = 110 foci from 10 nuclei), hence Dmc1p signal intensity was found to be not reduced in the absence of Rad51p.

It is likely, yet unproven, that nuclear foci of recombination proteins localize to DSB sites (for discussion see [@pgen.1001359-Neale1], [@pgen.1001359-Shinohara1]). To corroborate this theory, we attempted to colocalize Dmc1p foci with γ-H2A.X, which occurs in chromatin flanking a DSB (see [@pgen.1001359-Dickey1]). In spread nuclei, γ-H2A.X formed patches. Double staining with Dmc1p revealed a high degree of colocalization: of 431 Dmc1p foci scored in four different meiotic nuclei, 394 (91%) localized to a γ-H2A.X patch ([Figure 6F](#pgen-1001359-g006){ref-type="fig"}).

To obtain an estimate of the number of DSBs that occur in *Tetrahymena* meiotic nuclei, we investigated the number of Dmc1p foci in spreads of wild-type and *rad51*i matings. There were, on average, 174 Dmc1p recombination foci per meiotic nucleus ([Figure 6G](#pgen-1001359-g006){ref-type="fig"}). The number of Dmc1p immunostained foci in the wild type was not significantly different from the number of Dmc1-mCherry foci in *rad51*i ([Figure 5D](#pgen-1001359-g005){ref-type="fig"}), which is additional evidence for the independence of Dmc1p localization on Rad51p.

Rad51p foci do not form on meiotic chromatin and are not triggered by experimentally induced DNA damage {#s2g}
-------------------------------------------------------------------------------------------------------

To detect if Rad51p associates with meiotic chromatin, we stained spread cells with the specific anti-Rad51 antibody. In contrast to Dmc1p, Rad51p foci were virtually absent from meiotic nuclei. However, the presence of Rad51p signals in the somatic nuclei of the same cells indicated that immunostaining was working and that the spreading procedure did not remove Rad51p altogether ([Figure 7A](#pgen-1001359-g007){ref-type="fig"}). In quantitative terms, none of 200 evaluated fully elongated (i.e., longer than the cell), meiotic nuclei displayed any foci. Similarly, we did not observe Rad51p foci in meiotic nuclei of *dmc1*Δ cells stained with the Rad51p/Dmc1p antibody (which, in this case, exclusively highlights Rad51p) ([Figure 7B](#pgen-1001359-g007){ref-type="fig"}) or of strains expressing HA-tagged Rad51p ([Figure 7C](#pgen-1001359-g007){ref-type="fig"}). In all these cases, foci were present only in somatic nuclei. Double staining of tagged Rad51p and Dmc1p revealed the distinct localization of these two proteins in one and the same cell ([Figure 7D](#pgen-1001359-g007){ref-type="fig"}). The failure to detect meiotic Rad51p foci by three different cytological approaches suggests that Rad51p is much less abundant at DSBs than Dmc1p.

![Localization of Rad51p in spread cells.\
Rad51p is not detected in spread pachytene nuclei whereas it is present in vegetative nuclei. This suggests that, while Rad51p is present in the meiotic nucleus ([Figure 5](#pgen-1001359-g005){ref-type="fig"}), visible amounts of it do not associate with DSBs. (A) Top: Rad51p foci are not detected in fully elongated meiotic (∼pachytene) nuclei by immunostaining with a specific anti-Rad51 antibody. Bottom: Rare nuclei at a later stage (see text) display weak foci (arrows). (B) Rad51p foci are not detected in meiotic nuclei of *dmc1*Δ strains. (C) HA tagging of Rad51p fails to show meiotic foci. (D) Double staining of Rad51-HA and Dmc1-mCherry confirms the inability of Rad51p to assemble on meiotic chromatin, whereas Dmc1p forms foci exclusively in the meiotic nucleus. (E--H) UV-radiation applied to increase *RAD51* expression. (E) Top: With the Rad51p antibody there is strong labeling only of somatic nuclei. With the Rad51p/Dmc1p antibody, there is strong Rad51p labeling in the somatic nuclei of the wild type (E, bottom) and of the *dmc1*Δ mutant (F). (G) No Rad51p signal is found in the somatic nuclei of the *rad51*i strain. (H) Double staining of Rad51-HA and Dmc1-mCherry confirms that, while UV induces Rad51p foci in the somatic nucleus, it fails to do so in the meiotic nucleus. This demonstrates that even under conditions of increased DNA damage in meiotic nuclei and of Rad51p induction (see [Figure S1C](#pgen.1001359.s001){ref-type="supplementary-material"}), there is no association of visible Rad51p foci with DSBs. Chromatin is stained blue with DAPI. Bar represents 10 µm.](pgen.1001359.g007){#pgen-1001359-g007}

Only occasionally did we observe very weak Rad51p foci in barrel- or spindle-shaped meiotic nuclei of an uncertain stage ([Figure 7A](#pgen-1001359-g007){ref-type="fig"}). At t = 2.5 h, 5% (n = 100) and at t = 4 h, 16% (n = 100) of barrel- or spindle-shaped meiotic nuclei displayed foci. The greater abundance of such nuclei at the later timepoint (when most nuclei have progressed beyond the maximal elongation stage - [@pgen.1001359-Lukaszewicz1]; [Figure S4](#pgen.1001359.s004){ref-type="supplementary-material"} and compare [Figure 2](#pgen-1001359-g002){ref-type="fig"}) suggests that a subset of meiotic nuclei develop Rad51p foci after maximal elongation and hence much later than the first appearance of Dmc1p foci. The sporadic occurrence of these cells could indicate that a small amount of Rad51p is associated with meiotic DSBs during a short period late in meiotic prophase and/or in a subset of cells that fail to undergo normal meiosis. The weakness of these foci, at the limit of detectability, precluded their quantification.

As mentioned before, efficient DSB repair takes place in *dmc1*Δ meiosis, while at the same time prominent Rad51p foci are absent ([Figure 7C](#pgen-1001359-g007){ref-type="fig"}). Thus, there does not seem to occur a compensatory Rad51p localization to DSBs. Therefore, it might be argued that the absence of Dmc1p triggers an alternative Rad51p-independent repair process such as single-strand annealing [@pgen.1001359-Ivanov1] or non-homologous end-joining. To exclude this possibility, we created a *dmc1*i strain and mated it to *rad51*i, creating a situation where meiotic cells are depleted of both proteins. In these double-deficient meioses, diakinesis-metaphase I chromosomes were fragmented just as in *rad51*i ([Figure 3D](#pgen-1001359-g003){ref-type="fig"}), indicating that DSB repair did not take place and that Dmc1p-independent repair requires Rad51p.

If there was an undetectably low amount of Rad51p associated with meiotic DSBs, it might be possible to increase it above the threshold of visibility by inducing additional DNA damage. Therefore, we exposed cells to 25 J/m^2^ UV-C prior to meiosis and tested for Rad51p focus formation. We found that UV irradiation induced strong foci (detected by the specific anti-Rad51 antibody) in somatic nuclei, whereas it failed to do so in meiotic nuclei ([Figure 7E](#pgen-1001359-g007){ref-type="fig"}, top). Likewise, the Rad51/Dmc1 antibody highlighted foci in the somatic and the meiotic nuclei of the wild type ([Figure 7E](#pgen-1001359-g007){ref-type="fig"}, bottom), but only in the somatic nuclei of *dmc1*Δ cells ([Figure 7F](#pgen-1001359-g007){ref-type="fig"}). This, again, confirms that the foci detected in meiotic nuclei of the wild type consisted of Dmc1p only. Conversely, no foci were produced by Rad51/Dmc1 immunostaining in the somatic nuclei of irradiated *rad51*i cells, indicating that RNAi was efficient, and that UV does not induce Dmc1p in the somatic nucleus ([Figure 7G](#pgen-1001359-g007){ref-type="fig"}). The exclusive expression of UV-induced Rad51p in the somatic nucleus and of Dmc1p in the meiotic nucleus was also seen by the simultaneous detection of HA-tagged Rad51p and mCherry-tagged Dmc1p ([Figure 7H](#pgen-1001359-g007){ref-type="fig"}). Altogether, UV irradiation induced strong Rad51p foci in 100% of the somatic nuclei (n = 100), whereas only 5% of meiotic nuclei (n = 100) displayed very faint Rad51p staining. Similarly, bleomycin (50 µg/ml), which we previously had shown to produce DSBs in the generative nucleus [@pgen.1001359-Lukaszewicz1], induced Rad51p foci in somatic nuclei but not in meiotic nuclei (data not shown). Thus, DNA damage seems to trigger different processing of lesions in nonmeiotic and meiotic nuclei, with less Rad51p involvement in the latter.

A proximity ligation assay fails to detect colocalization of Dmc1p and Rad51p {#s2h}
-----------------------------------------------------------------------------

The absence of Rad51p foci from spread meiotic nuclei strongly suggests that very little Rad51p is associated with DNA at DSBs. However, there remains the unlikely alternative that spreading removes chromatin-associated Rad51p but not Dmc1p, and that this loss affects meiotic nuclei, but not somatic nuclei. Therefore, we wanted to confirm the low abundance of Rad51p associated with meiotic chromatin by an independent approach, the proximity ligation method. In this method, oligonucleotides attached to antibodies against two target proteins ligate and can be amplified to multiple DNA circles when bound in close proximity, i.e., separated by ∼40 nm or less. These polymers are visualized by the incorporation of fluorescence-labeled nucleotides (for the principle of the method see [@pgen.1001359-Sderberg1] and [Figure S5](#pgen.1001359.s005){ref-type="supplementary-material"}).

We performed the assay on conjugating wild-type cells carrying both Rad51-HA and Dmc1-mCherry and conventionally prepared for microscopy. To detect Rad51p-Dmc1p colocalization, cells were labeled with anti-Dmc1-mCherry and anti-Rad51-HA ([Figure 8](#pgen-1001359-g008){ref-type="fig"}, [Table 2](#pgen-1001359-t002){ref-type="table"}). For control experiments, antibody pairs were used which detected the same protein: anti-Dmc1-mCherry and anti-Rad51p/Dmc1p to mark Dmc1p, anti-Rad51-HA and anti-Rad51p to mark Rad51p ([Figure 8](#pgen-1001359-g008){ref-type="fig"}, [Table 2](#pgen-1001359-t002){ref-type="table"}).

![Detection of Rad51p-dependent and Dmc1p-dependent signals by the proximity ligation assay.\
Signals consisted of groups of connected spots extending from the target, probably as a consequence of the amplification process building large DNA complexes. (A) Rad51p signals (generated by the combination of α-Rad51-HA and α-Rad51p) are common in somatic nuclei of vegetative cells (top), and are also present in some somatic nuclei in meiotic cells (bottom). They are relatively rare in elongated meiotic nuclei (bottom; see [Table 2](#pgen-1001359-t002){ref-type="table"}). (B) Dmc1p signals (generated by the combination of α-Dmc1-mCherry and α-Rad51p/Dmc1p) are mostly found associated with fully elongated meiotic nuclei. (C) Signals depending on the proximity of Dmc1p and Rad51p (generated by the combination of α-Dmc1-mCherry and α-Rad51-HA) are rare (see [Table 2](#pgen-1001359-t002){ref-type="table"}). Bar: 10 µm.](pgen.1001359.g008){#pgen-1001359-g008}

10.1371/journal.pgen.1001359.t002

###### Localization of Rad51p and Dmc1p by the proximity ligation assay.

![](pgen.1001359.t002){#pgen-1001359-t002-2}

  Experiment                                                   No. of signals/25 cells   No. of signals/cell   No. of signals/cell (% of signals) associated with             
  ----------------------------------------------------------- ------------------------- --------------------- ---------------------------------------------------- ---------- -----------
  Rad51p localization (α-Rad51-HA + α-Rad51p)                            81                     3.24                               1.24 (38)                        1.0 (31)   1.0 (31)
  Dmc1p localization (α-Dmc1-mCherry + α-Rad51p/Dmc1p)                   238                    9.52                               8.36 (88)                        0.32 (3)   0.84 (9)
  Rad51p-Dmc1p colocalization (α-Rad51-HA + α-Dmc1-mCherry)              52                     2.08                               1.08 (52)                        0.12 (6)   0.88 (42)

Only cells with maximally elongated meiotic nuclei were used for evaluation. In each experiment, the 25 cells with the most signals, selected out of \>500 cells per slide, were evaluated. Signals in the cytoplasm may represent recombination proteins that have not yet been imported into the nuclei.

Signals produced by the proximity ligation assay were less abundant than those from immunostaining ([Figure 8](#pgen-1001359-g008){ref-type="fig"}), presumably because of a threshold of local antigen concentration required to support the reaction. Although Rad51p was found to be abundant in unspread meiotic nuclei by immunostaining (see above), the proximity ligation assay detected significantly fewer Rad51p-dependent signals ([Figure 8A](#pgen-1001359-g008){ref-type="fig"}) than Dmc1p-dependent signals ([Figure 8B](#pgen-1001359-g008){ref-type="fig"}, [Table 2](#pgen-1001359-t002){ref-type="table"}). This is consistent with the possibility that non-chromatin-associated Rad51 molecules are dispersed in the nucleus, but their local concentration is not sufficient to develop a signal. Of the few Rad51p-dependent signals detected, a large proportion localized to the somatic nucleus ([Figure 8A](#pgen-1001359-g008){ref-type="fig"}). This is consistent with the detection of Rad51p in a subpopulation of somatic nuclei by immunostaining (see above). In contrast to Rad51p, numerous Dmc1p-dependent signals were produced in meiotic nuclei ([Figure 8B](#pgen-1001359-g008){ref-type="fig"}), suggesting that a substantial amount of the protein forms clusters, such as would be expected from nucleoprotein filaments. Only a few signals were produced after combining antibodies detecting Dmc1p and Rad51p ([Figure 8C](#pgen-1001359-g008){ref-type="fig"}). The scarcity of reaction products confirms the conclusion from immunostaining that Dmc1p and Rad51p form few, if any, mixed nucleoprotein filaments.

Discussion {#s3}
==========

Large amounts of Dmc1p, but barely detectable amounts of Rad51p, localize to meiotic DSBs {#s3a}
-----------------------------------------------------------------------------------------

In all organisms where the localization of Rad51 or Dmc1 recombinases has been studied so far, they appear as nuclear foci, and impressive circumstantial evidence suggests that these foci reflect the association of protein complexes with DSBs (see [@pgen.1001359-Neale1], [@pgen.1001359-Shinohara1]). Here, we found that in *Tetrahymena*, there is abundant expression of Dmc1p and Rad51p in meiotic nuclei. The bulk of the two proteins localized throughout the nuclei including chromatin-free regions, and their presence was independent of DSBs. However, when we applied preparation conditions under which free nuclear proteins are removed, numerous DSB-dependent Dmc1p foci, but virtually no Rad51p, remained associated with meiotic chromatin. On the other hand, Rad51p foci were readily detectable in the somatic nuclei within the same cells (for a graphical summary see [Figure 9](#pgen-1001359-g009){ref-type="fig"}).

![Summary of Rad51p and Dmc1p localization.\
Immunostaining or protein tagging of Rad51p and/or Dmc1p were performed on conjugating (meiotic) cells expressing both or only one of the two proteins to reveal the specific localizations of Rad51p and Dmc1p. In addition, conventional preparation and detergent spreading were applied to discriminate between soluble and chromatin-bound protein fractions. Depicted in red are the localizations of Rad51p and/or Dmc1p as tested by various combinations of protein detection and preparation methods for each phenotype. Conventional preparation revealed a homogeneous distribution of both Rad51p and Dmc1p in meiotic nuclei and the presence of Rad51p spots or patches in somatic nuclei. Spreading washed out Rad51p from meiotic but not from somatic nuclei. Dmc1p was retained as foci in spread meiotic nuclei. From these observations we conclude that Rad51p occurs in somatic and in meiotic nuclei whereas Dmc1p occurs only in meiotic nuclei. In meiotic nuclei, Dmc1p foci are associated with chromatin (most likely at DSBs) whereas most or all of Rad51p is dispersed in the nuclear lumen.](pgen.1001359.g009){#pgen-1001359-g009}

Independent experiments using HA-tagged Rad51p, a specific antibody against Rad51p, or a Rad51p/Dmc1p antibody (applied to *dmc1*Δ) all failed to detect meiotic Rad51p foci. This was not due to deficits in the reporter systems since all three approaches detected Rad51p clusters in the somatic nucleus. In contrast to Rad51p, strong meiotic Dmc1p foci were observed by Dmc1p tagging and with the antibody against Rad51p/Dmc1p. Similarly, a proximity ligation assay produced abundant signals associated with meiotic nuclei only for Dmc1p, whereas it detected Rad51p in somatic nuclei. Together, this suggests that Dmc1p is much more abundant than Rad51p at meiotic DSB sites.

Despite the well-established correlation between cytological foci and DSBs, it is not clear if cytological foci represent recombination proteins that form nucleoprotein complexes with ssDNA at DSBs (see [@pgen.1001359-Neale1], [@pgen.1001359-SanFilippo1]). Some support for the equivalence of nucleoprotein filaments and foci comes from the observation that focus formation was strongly reduced in *mre11*Δ and *com1*Δ mutants [@pgen.1001359-Lukaszewicz1] where ssDNA resection and single-strand exposure are believed to be reduced (see [@pgen.1001359-Lukaszewicz1]). Moreover, here we showed that Dmc1p foci localize to patches of γ-H2A.X, which in turn appears around DSBs [@pgen.1001359-Dickey1]. Thus, if the presence and strength of foci reflected the amount of protein involved in filament formation, the proportion of Rad51p in nucleoprotein filaments must be small as compared to Dmc1p. The alternative explanation, that Dmc1p foci might be more resistant to preparation- related loss than Rad51p foci, is rendered less likely due to the similar physical properties of Dmc1- and Rad51-ssDNA filaments in vitro [@pgen.1001359-Sheridan2].

Strikingly, Rad51p foci were not detected on meiotic chromatin even after artificial induction of DNA lesions, whereas Rad51p formed numerous strong foci on somatic chromatin under these conditions. This suggests that in the meiotic nucleus, a specific regime prevails that prohibits the association of large amounts of Rad51p with damaged DNA, perhaps in the interest of promoting homologous over sister repair.

In meiotic nuclei of budding yeast, Shinohara et al. [@pgen.1001359-Shinohara2] found foci that contained Rad51 and Dmc1 side-by-side, leading them to propose that Rad51 and Dmc1 each form homo-oligomers rather than mixed complexes at recombination sites. Our failure to observe meiotic Rad51p foci suggests that long, pure Rad51p nucleoprotein filaments do not form in *Tetrahymena*, and is consistent with short (and perhaps transient) Rad51p filaments or mixed filaments with Dmc1p predominating. Moreover, the proximity linkage assay for Dmc1-mCherry and Rad51p produced very little signal, which suggests that little if any Rad51p colocalizes with Dmc1p, and argues against the abundant presence of Rad51p in mixed nucleoprotein filaments.

Unlike in the budding yeast and in *Arabidopsis* [@pgen.1001359-Shinohara3], [@pgen.1001359-Vignard1], strong Dmc1p foci did form even in the absence of Rad51p. This suggests that Dmc1p does not require Rad51p for its polymerization along ssDNA. However, abundant loading of Dmc1p is not sufficient for the repair of meiotic DSBs in the absence of Rad51p.

Rad51p is required for the repair of meiotic DSBs {#s3b}
-------------------------------------------------

Despite the fact that Rad51p does not assemble in cytologically visible recombination foci, suggesting that it is not present at notable amounts at DSBs, it is indispensable for meiotic DSB repair and recombination. In the absence of Dmc1p, Rad51p is sufficient to allow efficient repair, however, a compensatory accumulation of Rad51p does not occur. This is in contrast to budding yeast *dmc1*Δ strains, where bright Rad51p foci are formed [@pgen.1001359-Bishop2]. It may be assumed that if Dmc1p is missing, repair takes place via the sister chromatid and requires only minimal Rad51p nucleoprotein filament formation, below cytological detectability.

In the wild-type situation, when Dmc1p is present, Rad51p is necessary to support interhomolog crossover recombination. It is conceivable that this is achieved by Rad51p somehow activating Dmc1p at DSBs, without being incorporated in nucleoprotein filaments. Alternatively, a small number of Rad51p molecules, below cytological detection, might be part of these nucleoprotein filaments.

Dmc1p may form long nucleoprotein filaments to promote interhomolog crossover recombination {#s3c}
-------------------------------------------------------------------------------------------

In the absence of Dmc1p, we observed intact univalents during diakinesis to metaphase I. Accordingly, 3.4% viable sexual progeny were produced by *dmc1*Δ meiosis, which is consistent with the random segregation of univalent chromosomes, which may provide a low percentage of progeny cells with balanced chromosome sets. Therefore, our observations provide strong support of efficient DSB repair in the absence of Dmc1p. While we cannot exclude the rare occurrence of bivalents in *dmc1*Δ meiosis, sporadic interhomologue recombination can not account for the complete disappearance of DSBs observed in the PFGE assay. Therefore, it is likely that this Dmc1-independent repair, like in budding yeast [@pgen.1001359-Schwacha1], [@pgen.1001359-Thompson1], preferentially takes place via the sister with the help of Rad51p, yet with only little Rad51p actually localizing to DSBs (see above).

Only in the presence of Dmc1p are bivalents regularly formed. Thus, Dmc1p is needed for recombination with the homologue. The formation of strong Dmc1p foci during meiotic prophase invites the simple interpretation that long Dmc1p-containing nucleoprotein filaments are formed at DSBs. It is tempting to speculate that short Rad51p nucleoprotein filaments are sufficient for intersister recombination whereas long nucleoprotein filaments consisting primarily of Dmc1p are advantageous or even indispensible (but not sufficient) for interhomolog recombination.

Both in the presence or absence of Rad51p, ca. 170 Dmc1p foci were counted per meiotic nucleus (see [Results](#s2){ref-type="sec"}). Data from budding yeast, where the maximum number of Dmc1-Rad51 foci was about 2.5-fold less than the average recombination frequency (CO + NCO), suggest that, because of their transient nature, recombination foci may underestimate recombination events [@pgen.1001359-Bishop2], [@pgen.1001359-Mancera1]. Thus, it can be estimated that in *Tetrahymena* there occur 200 or more DSBs per meiosis, whereas the rod- or ring-shape of bivalents suggests that only a fraction are converted to chiasmata. In this respect, *Tetrahymena* resembles higher plants and animals such as maize, the lily, and the mouse, where a considerable excess of DSBs over crossovers/chiasmata was found [@pgen.1001359-Ashley1]--[@pgen.1001359-Terasawa1].

*Tetrahymena* employs a conserved Dmc1-dependent homologue-directed recombination mechanism {#s3d}
-------------------------------------------------------------------------------------------

For the success of meiosis it is essential that strand exchange takes place between homologous chromosomes rather than sisters, which would be the more readily available option. In the budding yeast, two mechanisms for the promotion of interhomolog recombination have been identified (see [@pgen.1001359-Niu1]). In one, the homolog-over-sister recombination preference is conferred by a not yet understood activity of Dmc1 [@pgen.1001359-Schwacha1]. In the other, an activation/phosphorylation cascade involving the Red1, Hop1, and Mek1 proteins at the axial elements of the SC impedes intersister exchange by Rad51 through phosphorylation of its binding partner, Rad54 (see [@pgen.1001359-Niu1], [@pgen.1001359-Sheridan1], [@pgen.1001359-Niu2]--[@pgen.1001359-Goldfarb1]). Similarly, axial element proteins may be involved in recombination partner choice in the fission yeast [@pgen.1001359-Latypov1] and in *C. elegans* [@pgen.1001359-Couteau2]. Such an axial element-dependent barrier or impediment to unwanted intersister recombination is not universal, however. In *Arabidopsis dmc1* mutants, DSBs are readily repaired by a noncrossover pathway (possibly via the sister chromatid), even when the SC is in place [@pgen.1001359-Couteau1], [@pgen.1001359-Siaud1].

In *Tetrahymena*, homologous chromatids are closely conjoined in the tubular meiotic prophase nucleus, with homologous loci in opposing positions [@pgen.1001359-Loidl2]. Nevertheless, the cohesion of sister chromatids may cause their more intimate contact and an intrinsic preference for intersister recombination. Homologues of axial element proteins and SC-related structures have not been detected (see [@pgen.1001359-Mochizuki1]), thus a mechanism involving axial elements to overcome the intersister bias may be lacking. Our data suggest that *Tetrahymena* shares with the budding yeast a Dmc1-dependent mechanism to promote a sufficient rate of interhomolog recombination. A simple physical model would pose that Dmc1p-containing nucleoprotein filaments are longer than those consisting of Rad51p and therefore are able to bridge the larger interhomolog distances.

Materials and Methods {#s4}
=====================

Strain culture {#s4a}
--------------

*Tetrahymena thermophila* strains B2086 and CU428 served as wild types and as the source material for the construction of gene knockout and knockdown strains. *spo11* knockout (*spo11*Δ) lines were described previously [@pgen.1001359-Mochizuki1]. Cells were grown in standard medium at 30°C [@pgen.1001359-Orias1]. For induction of conjugation and meiosis, cells of complementing mating types were starved in 10 mM Tris-Cl (pH 7.4) for at least 16 h and mixed in equal amounts (∼2×10^5^ cells/ml).

Construction of *dmc1* knockout (*dmc1*Δ) strains {#s4b}
-------------------------------------------------

To create the *dmc1* knockout constructs, ∼500 bp-fragments of genomic *Tetrahymena* DNA upstream and downstream of the *DMC1* open reading frame (ORF) were amplified using the following primers: DMC1KO5FW (5′-cag aag ttg cta gaa gc-3′), DMC1KO5RV (5′-gtc tat cga att cct gca gcc cgc ttt tca gtg cag cta g-3′), DMC1KO3FW (5′-ctg gaa aaa tgc agc ccg cct tct act ggt tga ttt-3′), and DMC1KO3RV (5′-gct gat aga tct aaa tga aat taa g-3′). These fragments were then joined to each end of the *neo4* selection cassette using overlapping PCR [@pgen.1001359-Mochizuki2]. The knockout construct was introduced into B2086 and CU428 cells by biolistic transformation as described previously [@pgen.1001359-Bruns1]. The *NEO4* resistance gene is expressed under the Cd^2+^-inducible *MTT1* metallothionein promoter [@pgen.1001359-Shang1]. Transformants were selected in media containing 0.1 -- 1 µg/ml CdCl~2~ and increasingly higher concentrations of paromomycin (from 120 µg/ml to 10 mg/ml) until the wild-type chromosomes were completely replaced by the knockout chromosomes in the somatic nucleus.

*RAD51* and *DMC1* knockdown by RNA interference {#s4c}
------------------------------------------------

To create the *rad51* RNAi construct, a ∼500 bp-fragment of the *RAD51* ORF was amplified from genomic DNA using PCR primers to add appropriate restriction sites for cloning into the RNAi hairpin vector (PmeRad51FW 5′-cgt tta aac gaa aca ggc tct ctc act g-3′, ApaRad51FW 5′-cgg gcc cga aac agg ctc tct cac tg-3′, SmaRad51RV 5′-gcc cgg gcc gaa ttc gtc agc aag tc-3′, XhoRad51RV 5′-gct cga gcc gaa ttc gtc agc aag tc-3′). These fragments were then used to replace the *SERH3* fragments in the RNAi vector construct described previously [@pgen.1001359-HowardTill1]. The finished hairpin construct was introduced into mating cells by biolistic transformation at 10 hrs post-mixing to allow cells to process the rDNA vector [@pgen.1001359-Bruns1], [@pgen.1001359-Yao1]. Transformants were selected initially in media containing 120 µg/ml paromomycin, and then were transferred to increasingly higher concentrations, up to 600 µg/ml.

Expression of dsRNA under the *MTT1* promoter was induced by the addition of CdCl~2~ (final concentration: 0.1 µg/ml) to cells carrying the hairpin construct (*rad51*hp). For *RAD51* knockdown in meiosis, CdCl~2~ was added ca. 3 h after the beginning of starvation, i.e. when mitotic divisions had ceased. Since CdCl~2~ was found to impair conjugation, the *rad51*hp cells were washed twice and resuspended in 10 mM Tris-Cl (pH 7.4) before mixing. For some experiments, two *rad51*hp lines of different mating types were mixed. For others, a *rad51*hp line was mated to lines not carrying the *rad51* hairpin construct. Because RNAi causes a systemic response in *Tetrahymena* [@pgen.1001359-HowardTill1], the construct-free partner also displayed the RNAi phenotype. Cells were harvested at appropriate times in meiosis. For controls, meiosis was induced in the wild type under the same regime of CdCl~2~ treatment, and in *rad51*hp cells without CdCl~2~ treatment. Meiosis was normal in CdCl~2~-treated wild type. In *rad51*hp cells without CdCl~2~, bivalents appeared somewhat less condensed, but meiotic divisions were not notably affected.

To induce Rad51p overexpression, cells were exposed to UV radiation (254 nm UV-C; 20 Joule/m^2^) using a Stratalinker UV crosslinker [@pgen.1001359-Loidl2].

To study the *rad51-dmc1* double deficiency phenotype, a *dmc1*hp strain was created and mated to a *rad51*hp strain. The *dmc1* interfering RNA was constructed in the same way as the *rad51*hp. The primers used were: PmeDmc1FW 5′-cgt tta aac gag ttt gtt ctc ggt act ac-3′, ApaDmc1FW, 5′-cgg gcc cga gtt tgt tct cgg tac tac-3′, SmaDmc1RV 5′-gcc cgg gca gcc att ctt tat aat ctg ctc-3′, XhoDmc1RV 5′-gct cga gca gcc att ctt tat aat ctg ctc-3′. Expression of dsRNA was induced as described above.

Pulsed-field gel electrophoresis (PFGE) {#s4d}
---------------------------------------

To detect meiotic DSBs, DNA was separated by PFGE under conditions where intact chromosomes do not enter the gel, whereas DSB-dependent chromosome fragments of different sizes appear as a distinct band [@pgen.1001359-Lukaszewicz1]. Chromosome-sized DNA was prepared in agarose plugs as described elsewhere [@pgen.1001359-Lukaszewicz1]. Gels were run on a CHEF apparatus. Chromosomes of the generative nucleus were distinguished from the background of somatic minichromosomes (which are distributed throughout the gel) by Southern hybridization with a micronucleus-specific probe [@pgen.1001359-Lukaszewicz1].

Tagging of Dmc1p and Rad51p, and Rad51p antibody production {#s4e}
-----------------------------------------------------------

*DMC1*-*mCherry* was created by fusing the mCherry red fluorescent protein gene to the C-terminus of the *DMC1* ORF. To create the tagging construct, the last ∼500 bp of the *DMC1* gene (excluding the stop codon), and ∼500 bp of DNA downstream of the *DMC1* gene were amplified from genomic *Tetrahymena* DNA using the following primers: 5AmDmc1FW (5′-gct gat ggc gat gaa tga aca ctg gct cta cta gtt gtt gat tca ata atg gc-3′), DMC1mCheRV (5′-gtt atc ttc ttc tcc ttt tga aac cat gga tcc acc agt aga agg ctt ttt atc aca ttc aac-3′), Neo4-Dmc1FW (5′-ccc ggg gga tct gaa ttc gat atc aag ctt gaa tat tct ttg aga aag tta gtt aaa tga-3′) and 3AmDmc1RV (5′-gcg agc aca gaa tta ata cga ctg ctg ata gat cta aat gaa att aag aat ga-3′). These fragments were then joined to each end of the *mCherry-neo4* cassette (amplified from the *pmCherry*-*neo4* plasmid, gift of Kazufumi Mochizuki) using overlapping PCR. Tagged mCherry was at least partially functional, since matings of Dmc1-mCherry cells to *dmc1*Δ cells produced viable sexual progeny, although with a reduced frequency ([Table 1](#pgen-1001359-t001){ref-type="table"}).

Strains expressing Rad51-HA were created in a similar manner using the following primers and the *pHA-Neo4* plasmid (a gift from Kazufumi Mochizuki): 5′FW (5′-gct gca tgc gat gaa tga aca ctg ttc agc cac tgc tct tta c-3′), 5′RV (5′-aag ttc ttc acc ctt aga aac cat gga tcc ctc gtt gaa gtc ttc aat acc-3′), 3′FW (5′-ccc ggg gga tct gaa ttc gat atc aag ctt gct aaa aga taa taa gat aaa att c-3′) and 3′RV (5′-gcg gtc gac gaa tta ata cga cta tat tat att ggt ata aca tta ttt tat ag-3′). Transformations and selections were performed as for the knockout strains described above.

Antiserum was produced in rabbits against the peptide sequence AIYAIGKGGIEDFNE from the C-terminus of the Rad51 protein. This region has only low similarity to the related Dmc1p. The serum was immunopurified against the polypeptide (Eurogentec, Seraing, Belgium), and its specificity was confirmed by its failure to label nuclei of *rad51*i cells ([Figure S3](#pgen.1001359.s003){ref-type="supplementary-material"}).

Western blotting {#s4f}
----------------

Protein extracts were prepared from 5 ml of conjugating cells by trichloroacetic acid precipitation. 20 µl of extracts were run on 10% SDS-PAGE gels and blotted to Hybond-P PVDF membrane (Amersham Biosciences). Proteins of interest were detected by incubating the blot for 2 h with anti-Rad51/Dmc1 antibody (1∶200 mouse monoclonal, Clone 51RAD01, NeoMarkers, Fremont, CA) in TBST (20 mM Tris pH 7.5, 140 mM NaCl, 0.05% Tween 20) +1% dry milk, washing, incubating for 1 h with HRP-conjugated anti-mouse antibody (1∶100.000), washing, then incubating with chemiluminescent reagent (Thermo Scientific), and exposing to X-ray film.

Standard cell preparation for microscopy {#s4g}
----------------------------------------

Following [@pgen.1001359-Cole1] and [@pgen.1001359-Loidl1], 5 ml of a suspension of conjugating cells were fixed by the addition of formaldehyde and Triton X-100 (final concentrations of 4% and of 0.5%, respectively). After careful mixing, the cells were left for 30 min at room temperature, then centrifuged, and the pellet was resuspended in 500 µl of a solution of 4% paraformaldehyde and 3.4% sucrose in water. A drop of this mixture was spread on a clean slide and air-dried. These slides were used for nuclear staining with DAPI (4′,6-diamidino-2-phenylindole) or for immunostaining.

Cell spreading {#s4h}
--------------

For the cytological detection of chromatin-associated Dmc1p and Rad51p foci, a protocol for enhanced detergent spreading of cells was applied [@pgen.1001359-Lukaszewicz1]. In short, a mixture of 450 µl of 10% Triton X-100 and 50 µl of 37% formaldehyde solution was quickly added to a tube with 5 ml of conjugating cells. The liquids were mixed by inverting the tube, and after 25 min on ice another 450 µl of formaldehyde solution were added. After 5 min the cells were pelleted and resuspended in 500 µl of a solution of 4% paraformaldehyde and 3.4% sucrose in water. Eighty microliters of this suspension were spread on a slide and allowed to dry.

Immunostaining {#s4i}
--------------

For immunostaining, slides prepared by either of the above methods were washed with 1× PBS and 1× PBS +0.05% Triton X-100, incubated with primary antibody for 3 h at room temperature or over night at 4°C, washed as above, incubated with Cy3- or FITC-labeled secondary antibody for 1.5 h--3 h at room temperature, washed again and mounted under a coverslip in Vectashield anti-fading agent (Vector Laboratories Inc., Burlingame, CA,) supplemented with 0.5 µg/ml DAPI as a DNA-specific counterstain. The primary antibodies were: anti-Rad51/Dmc1 (1∶50 mouse monoclonal, Clone 51RAD01, NeoMarkers, Fremont, CA), anti-Rad51 (1∶100 rabbit polyclonal), anti-DsRed fluorescent protein/mCherry (1∶50 rabbit polyclonal, Clontech, Mountain View, CA), anti-HA (1∶200 mouse monoclonal, Roche Diagnostics), anti-phosphorylated H2A/H2A.X (1∶200 rabbit polyclonal 07-745, Upstate Biotechnology, Charlottesville, VA) and anti-phosphorylated H2A.X (1∶200 mouse monoclonal, BioLegend, San Diego, CA).

Proximity ligation assay {#s4j}
------------------------

To test if two proteins occupy adjacent positions within the cell, we applied a proximity ligation assay [@pgen.1001359-Sderberg1]. Conventional cell preparations were first incubated with primary antibodies generated in the rabbit and in the mouse, respectively, which recognize the proteins of interest. Next, secondary anti-rabbit and anti-mouse antibodies coupled with short complementing DNA strands (Olink Bioscience, Uppsala, SWE) were applied, using the immunostaining protocol from above. Reactions for the ligation of DNA strands to a circularized oligo and the subsequent rolling circle amplification incorporating labeled nucleotides were performed using the Duolink II kit (Olink Bioscience, Uppsala, SWE) according to the instructions of the manufacturer. Slides were washed and mounted under a coverslip in Vectashield plus DAPI as above. Fluorescence indicating the interaction between oligonucleotides attached to neighboring antigens was evaluated under the fluorescence microscope.

Fluorescent in situ hybridization (FISH) {#s4k}
----------------------------------------

Cells from 5 ml of conjugating cell suspension were pelleted and fixed in 1 ml of Carnoy\'s fixative (methanol-chloroform-acetic acid, 6∶3∶2). After 1 h at room temperature, cells were pelleted and resuspended in 500 µl of 70% ethanol. A few drops of this suspension were applied to a slide and air-dried. A FISH probe was produced by pooling PCR-amplified sequences corresponding to a 22.1 kb intercalary chromosomal region [@pgen.1001359-Loidl2]. The purified PCR products were labeled with Cy3 by nick translation. The probe and chromosomal DNA were denatured by hot formamide and hybridized for 36 h at 37°C.

Microscopy and documentation {#s4l}
----------------------------

Fluorescent signals generated by DAPI, immunostaining, proximity ligation or FISH were visualized by appropriate filter combinations in a fluorescence microscope and recorded with a cooled CCD camera. Of thick DAPI- and immuno-stained nuclei, z stacks were taken using MetaView software (Universal Imaging, Downingtown, PA), deconvolved using AutoDeblur (AutoQuant Imaging, Watervliet, NY) and projected with ImageJ (Wayne Rasband, N.I.H.; <http://rsb.info.nih.gov/ij/>) software. Images from different color channels were colorized and merged using Photoshop software.

For counting recombination foci and for colocalizing Dmc1p and γ-H2A.X signals in spread cells, image stacks were taken at 100× magnification and projected. In Photoshop, resolution was enhanced to 150 pixel/inch and brightness and contrast were adjusted to give optimal differentiation from background staining. A dot was counted as a recombination focus if its size and/or brightness was higher than the average background signal. Stretched foci were counted as single if they were oval or as two or more if they had constrictions. In all cases, the fluorescence was Cy3. For evaluating Dmc1-mCherry × *rad51*i and Dmc1-mCherry × wild type mating cells, the mCherry tag was enhanced with anti-dsRed and Cy3-coupled secondary antibody. For meioses of wild type × wild type matings, Dmc1p was detected using anti-Rad51/Dmc1 antiserum and Cy3-coupled secondary antibody.

To determine the brightness of fluorescence foci, gray values (within a range from 0--255) were measured on 8-bit images using ImageJ. For this, images of stained nuclei were adjusted to the same level of background signal intensity and the mean gray values of foci within a mask were calculated for the strongest ten foci for each evaluated nucleus.

Evaluation of colocalizing Dmc1p and γ-H2A.X signals was done on well-spread and flat regions of nuclei.

Supporting Information {#s5}
======================

###### 

Testing the efficiency of *rad51* RNAi. Expression of Rad51p was compared on Western blots from wild-type and from Rad51p-depleted (*rad51*i) strains. The Gel Analysis Tool of ImageJ (Wayne Rasband, N.I.H.; <http://rsb.info.nih.gov/ij/>) was used for measuring intensities of bands produced by the Rad51/Dmc1 antibody in Western blots such as the one shown in [Figure 1C](#pgen-1001359-g001){ref-type="fig"}. The Dmc1p band served as an internal control. In three different *rad51*i lines, reductions to 7%, 3% and 1.14% of the wild-type level were found. In addition to estimating protein levels in cell samples, we determined Rad51p expression in individual cells: (A) Examples of vegetatively growing cells with the somatic nucleus displaying Rad51p spots (red). They are found in a majority of vegetatively growing wild-type cells (Loidl and Scherthan, J. Cell Sci 117: 5791--5801, 2004) and are missing in *rad51*i strains (data not shown). However, the lack of Rad51p spots is an unreliable indicator of RNAi efficiency since their presence and intensity is variable and they are altogether absent from ∼20% of wild-type somatic nuclei (Loidl and Scherthan, J. Cell Sci 117: 5791--5801, 2004). Therefore, to estimate the efficiency of RNAi, we enforced expression of Rad51p in somatic nuclei by UV-irradiation and determined its reduction in the *rad51*i strain. (B) Starving *rad51*i cells and cells of a wildtype-like control strain (carrying a cellular GFP-marker - green) were mixed and exposed to 20 J/m^2^ of short-wave UV to induce DNA damage (Loidl and Mochizuki, Mol Biol Cell 20: 2428--2437, 2009). The cells were fixed 90 min after UV exposure, and damage-induced Rad51p expression in the somatic nuclei was detected by immunostaining with an antibody against Rad51p/Dmc1p (red). As can be seen, *rad51*i cells (as recognized by absence of the green marker protein) are unable to express Rad51p. In quantitative terms, in only 0.7% of *rad51*i cells (n = 1000), the somatic nucleus displayed Rad51p staining, whereas UV induced strong Rad51p staining in 100% (n = 300) of wild-type cells. (C) Western detection of Rad51p. In starving (as well as in vegetatively growing - data not shown) wild-type (WT) cells, Rad51p is expressed at a basal level. This expression was considerably increased upon treatment with UV whereas Rad51p expression was induced only weakly by UV in *rad51*i cells. (The lower row shows tubulin as a loading control.) Altogether, *rad51* RNAi can be considered as highly efficient.

(0.05 MB PDF)

###### 

Click here for additional data file.

###### 

The presence of the *RAD51* RNAi construct reduces chromosome compaction but does not adversely affect meiotic divisions. Two strains of different mating types, one containing the *RAD51* RNAi hairpin construct, the other wild-type, were starved in the absence of CdCl~2~ and mixed to induce meiosis. In the absence of CdCl~2~, dsRNA is not (or only weakly) transcribed and Rad51p is expressed. Meiotic nuclear elongation appeared normal in both partners (A) but entry into metaphase I was usually delayed in one partner (B - cell at the bottom). Also, bivalents in one partner were distinct entities (C - cell at top), whereas in the other they always appeared less condensed (C - cell at the bottom). Importantly however, metaphases I of neither partner showed signs of chromosome fragmentation. Meiotic divisions were slightly asynchronous: (D) shows one partner with the second meiotic division completed (top) and the other during anaphase II (bottom). By the end of meiosis, however, both the wild-type and the *rad51*hp cell displayed four meiotic products (E). This control experiment demonstrates that, while *rad51*hp cells displayed slight anomalies in chromosome condensation, the meiotic phenotypes of chromosome fragmentation and disturbed divisions seen in the presence of CdCl~2~ are due to the depletion of Rad51p and not a side-effect of the presence of the construct. Additional indication against an adverse effect of the RNAi construct on meiosis comes from the observation that in the absence of CdCl~2~, 60% of *rad51*hp matings produced viable sexual progeny ([Table 1](#pgen-1001359-t001){ref-type="table"}). This is slightly less than wild-type, but the difference can be accounted for by a residual RNAi effect in the absence of induction. Finally, CdCl~2~ as such was excluded as the cause of aberrant meioses because it did not affect meiosis in a wild-type control. Bar: 10 µm.

(0.16 MB PDF)

###### 

Click here for additional data file.

###### 

Specificity of the anti-Rad51 antibody. While the anti-Rad51 antibody did not work on Western blots, there are two independent pieces of evidence that it is specific for Rad51p. (A) Pairwise stainings revealed that the anti-Rad51/Dmc1 antibody, the anti-Rad51 antibody, and HA-tagging of Rad51p all highlight the same structures in somatic nuclei. (B) In cells where Rad51p is depleted by RNAi (for the efficiency of RNAi see [Figure 1C](#pgen-1001359-g001){ref-type="fig"}), the antibody does not produce any signals. Here, a culture containing conjugating and non-conjugating cells was exposed to UV radiation (20 J/m^2^) to strongly induce Rad51p expression. The conjugating cells to the left do not display Rad51p immunostaining because one of the two partners carries the *rad51*hp construct whose cadmium-induced transcription is sufficient to deplete both partners of Rad51p. The non-meiotic wild-type (WT) cell to the right expresses Rad51p in the somatic nucleus and serves as a control for functioning immunostaining.

(0.11 MB PDF)

###### 

Click here for additional data file.

###### 

Time course of meiotic stages in the wild type. Staging was performed by morphological criteria according to Sugai and Hiwatashi (J. Protozool. 21: 542--548, 1974), where I-IV indicate stages of increasing length of the meiotic nucleus, with maximal elongation at stage IV. Stage V corresponds to diplotene, and stage VI to diakinesis-metaphase I. For each timepoint, 200 nuclei were evaluated.

(0.04 MB PDF)

###### 

Click here for additional data file.

###### 

Principle of the proximity ligation assay. Preparations are first incubated with antibodies against the two proteins or tags generated in rabbit and mouse, respectively. Next, secondary anti-rabbit and anti-mouse antibodies coupled with short complementing DNA strands are applied. DNA strands are then ligated and polymerize by a rolling circle amplification, incorporating labeled nucleotides. This leads to a strong amplification of a microscopically detectable signal if the primary antibodies bind to one and the same protein or protein tag or to different but adjoining proteins or tags. Thus, the proximity ligation assay can be used for sensitivity enhancement or for testing if two proteins in question occupy adjacent positions within the cell (Söderberg et al., Nature Meth 3: 995--1000, 2006). See also the instructions of the manufacturer of the Duolink II kit (Olink Bioscience, Uppsala, SWE).

(0.07 MB PDF)
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Click here for additional data file.

###### 

Estimation of the relative abundance of DSBs in the different genotypes at different time points.

(0.34 MB PDF)

###### 

Click here for additional data file.
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